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The present thesis showcases the investigation of nanoindentation at ultra-low depths 
(<500nm), for the study of the origin and initiation of crystal plasticity in a number of Face 
Centered Cubic (FCC) metals: Nickel (Ni), Copper (Cu), and Aluminum (Al) in single crystalline 
or polycrystalline form. Nanoindentation was carried out using a Berkovich tip, and indentations 
were carried out in the nano-regime of polycrystalline FCC metals and single crystalline Cu and 
Al. Two custom-built four-point bending apparatuses were used to apply in-plane tension on all 
samples during indentation. Samples were indented using both displacement and load controls, in 
order to both carefully estimate the hardness and plasticity noise as a function of depth and applied 
in-plane tension. The noisy character of crystal plasticity manifests itself through nanoindentation 
pop-in events, which are abrupt and stochastic plastic displacements during the initial stage of 
plasticity. I discuss and demonstrate indentation size effects induced and/or promoted by the in-
plane stress in FCC materials. The hardness analysis shows a statistically inverse dependence on 
in-plane stress for small depth indentation and I discuss the consistency of the effects in both the 
hardness and pop-in events among the various FCC crystals studied. Finally, I discuss a novel 
approach to detect the onset of pop-in noise in a realistic sample without special treatment and 
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1. Introduction & Thesis Overview  
1.1. Introduction 
Over the last few decades it has well been established that plastic deformation of crystals shows 
fundamental differences between the micro- and nano-scale. Micro-scale plastic deformation has 
been a highly investigated field, but the nano regime has not yet been sufficiently researched. The 
reason is there are too many obstacles to get through in the accuracy of the data. Surface roughness, 
oxidation, and size effects invalidate the data. In order to understand the fundamentals of plasticity 
in the nano-regime, structured tests must be conducted, and the experimenter should be very 
meticulous. One widely used method to probe and measure the mechanical properties of metals is 
indentation [1]. Recent advances in the indentation technique have led to the development of a low 
depth/ low load sensing indentation technique called nanoindentation [2].  
Nanoindentation is a non-destructive examination that gives one the ability to look at the local 
mechanical properties in extremely small regions of a material. With the increased tendency of 
manufacturing smaller specimens, there is also an increasing need for a better understanding of the 
mechanical behavior at smaller length scales. Also, investigating local properties at the micron and 
submicron levels for metals and ceramics is an important goal of material science. The ability of 
nanoindentation to probe such properties, has given it wide-spread popularity in the field. With the 
difficulty of the experimental design, conventional tensile/compressive tests are not applicable for 
small samples (at the millimeter to micron scale sizes) [3-11]. Nanoindentation is an experimental 
protocol that is able to meet such requirements.   
Indentation displays an interesting phenomenon that happens to hardness measurements at the 
micron/sub-micron scale, in the form of indentation size effects (ISEs). These ISEs exhibit smaller 
depths with higher hardness values. Classical plasticity theories do not have the ability to predict 
size dependence of material behavior at the micron/sub-micron scale. Nix and Gao [12] found that 
the indentation size effects were related to the plastic strain gradient in the deformation field with 
geometrically necessary dislocations (GNDs) that accommodate this strain gradient.  
Furthermore, in nanoindentation, it is observed that plasticity occurs with an abrupt transition 
from elasticity to plasticity, through a sudden burst in the indentation depth. These bursts are well 
known in the indentation community as “pop-ins”. For small tipped indenters (pyramidal 
Berkovich), the first bursts are likely to be in a dislocation free zone. This means that dislocations 
would be nucleated at the indenter tip’s contact area. Furthermore, with increasing tip radius 
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(equivalent to deeper indenter penetration), there is a higher chance that plasticity was affected by 
nearby dislocations.  
One of the biggest challenges that effects the accuracy of the nanoindentation results is the 
roughness effect. The nanoindenter’s greatest issue with this effect is due to the inaccuracy of 
recorded data from major inconsistencies in the surface of the samples. This leaves the indentation 
results being presented with some error with respect to the contact area. This is especially true as 
indentation depth gets shallower and shallower.  
Another important effect that influences indentation is the presence / absence of residual 
stresses. Experimental studies have been conducted on plasticity at the micro and nano-scale. Tsui, 
Oliver, and Pharr used nanoindentation to study the effect of residual stress [13]. The experimental 
study used both uniaxial and biaxial stresses and results from finite element simulations [14]. 
Residual stresses affected the hardness in two ways: the hardness went up with compressional 
stresses and the hardness decreased with tensile stresses. The elastic modulus is affected in the 
same way as the hardness. Furthermore, it was shown that nanoindentation properties like the 
maximum indentation load, the profile of the loading curve, elastically recovered depth, the final 
depth, and the area of contact were all affected by the presence of residual stresses.  
1.2. Thesis Overview 
In this study, examination is done on FCC crystals such as Aluminum (Al), Copper (Cu), and 
Nickel (Ni). Each sample was placed in a 4pt-bending apparatus to apply in-plane tension. Through 
this study the only differences in testing were the in-plane stresses. Analogous to this logic, we 
expect the main difference in the experimental results are a consequence of the in-plane stress.  
Single crystal Copper and Aluminum samples are used to verify the in-plane stress effect. Single 
crystals do not have grain boundaries and the grain size is the sample. This provides us with a 
validating material where the in-plane stress effect would be more prominent. Both single crystal 
materials have the {100} crystal orientation. We acquired high amounts of data on each sample to 
successfully average out the surface roughness. We developed our own python code to process 
large data sets. The analysis is conducted on the hardness behavior across different applied stresses 
and then compared between the materials. The same will be done with the statistical analysis for 
pop-in events. We will the introduce a new method for observing the plastic transition using an 
order parameter (dh/dp). These methods will hopefully lead to the connection of the pop-in and 
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the bulk yield stress. The experimental background will provide us with all the background 
information needed to understand this study.   
2. Literature Review/ Experimental Background 
2.1. Nanoindentation/Plasticity  
Crystal plasticity studies have given us a better understanding of how crystals react under 
external loading [15-18]. Until recent years, it was not known that the mechanical properties of a 
material were tightly related to microstructural characteristics, which are highly dependent on 
sample dimensions. Indentation’s main purpose is to measure the mechanical properties of metals, 
multiphase materials, thin films, and/or ceramics. Many studies have been conducted on the study 
of mechanical properties of thin films. Sub-micron indentation devices are widely used for these 
studies, with the focus on micro-scale hardness measurements [15]. With the advancement of 
technology, a new nondestructive examination for low loads and low penetration depth sensing 
has been developed called nanoindentation. Nanoindentation allows readings to be gathered at 
extremely small regions and is used for probing localized mechanical properties of a given material 
[19-22].  
Indentation’s main objective is to create plasticity in a small region to investigate the 
mechanical properties of a given sample. One of the most interesting properties is hardness, that 
shows how resistant solid matter is to an applied force. This gives a direct relationship to plasticity. 
Knowing hardness values allows for a much better understanding on the effect of plastic 
deformation as the transition of elastic to plastic occurs in a specific region on a sample. Hardness 
is calculated by the maximum indentation load over the contact area of the indentation impression 
[21, 22].  
One of the most conventional hardness measurement tests involves indentation on a material 
that was then paired with atomic force microscopy (AFM) [23, 24] and scanning electron 
microscopy (SEM) [15, 25-27] to get the contact area measurement of the imprint that was left 
behind after the indenter tip was removed. This is called the Vickers hardness test which was 
developed in 1921 by Smith and Sandland. This process is simpler and easier than the Brinell 
method [28]. Although indentation hardness has been around for a century, only in the last decade 
have we been able to use a tool that had high resolution depth-sensing and to be able to 
continuously measure the force and displacement as indentations are implemented [29, 30].       
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Boussinesq and Hertz first looked at the elastic contact problem in the late 1900’s and provided 
us with the importance in the analysis procedure of the data [31, 32]. Boussinesq developed a 
method used to compute the stresses and the displacements in an elastic body loaded with an 
axisymmetric indenter. Hertz analyzed the problem of the elastic contact between two spherical 
surfaces with different radii and elastic constants. This is used in classic solutions that are the basis 
for a lot of experimental and theoretical work. Sneddon developed a relationship between the load, 
displacement, and the contact area [33, 34]:  
𝑃 =  𝛼ℎ𝑚 ,                                                                      (2.1) 
where 𝑃 is the load that the indenter is putting on the material, ℎ is the elastic displacement of the 
indenter, and 𝛼 and 𝑚 are mathematical constants. It was mathematically calculated that for flat 
cylinders 𝑚 = 1, for cones 𝑚 = 2, and for 𝑚 = 1.5 for spheres and for paraboloids of revolution. 
Showing the effects of plasticity through the modeling of the indentation contact area and 
overall geometry, is a highly complicated problem. The constitutive equations are highly 
nonlinear, and a majority of the material parameters must be part of this model to describe the 
material behavior. Experimentation and the finite element simulations are the building blocks used 
in today’s understanding of the plasticity in the indenter contact problem.  
Tabor[1] first used the experimental procedure of load and displacement sensing to measure 
the mechanical properties of metals. In his study, he focused on indentation applied on a variety 
of metals deformed by hardened spherical indenters. Tabor realized that the shape of the indent 
impression from indentation at unloading will allow for a portion of the material to elastically 
recover. An analysis of the results showed that in metals the impressions left behind from a 
spherical indenter had spherical shape with a slightly larger radius than the indenter, and a similar 
situation was observed in the conical indenter where they saw a slightly larger tip angle. Looking 
at the interpretation of the elastic unloading data, the effects of plasticity can be seen by the shape 
of the indentation impression on the unloaded surface. Tabor used this experiment to show the 
shape of the entire unloading curve and the total amount of the recovered displacement can be 
accurately correlated to the elastic modulus and the residual size of the contact impression for 
conical and spherical tips [1, 2].  
Three important observations can be made from the Tabor studies. The first was the diameter 
of the contact impression in the surface from the conical indenters did not recover during the 
unloading stages, while the depth was the only thing that recovered. The second observation was 
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that the indentation process must be cyclically loaded and unloaded a few times before a reversible 
load-displacement behavior can happen. The third observation is that the effects of non-rigid 
indenters on the load-displacement behavior can be considered by the effective elastic modulus 










   ,                                                     (2.2) 
where 𝐸𝑒𝑓𝑓 is the effective modulus. 𝐸 and 𝐸𝑖  are the Young’s modulus of the material and the 
indenter tip respectively. 𝑣 and 𝑣𝑖 are the Poisson’s ratio for the material and the indenter tip 
respectively. Alekhin, Bulychev, and Shorshorov [35-37] investigated load-displacement data 
using microhardness testing machines. From Fig. 2.1, an experimental equation for the stiffness 
was derived: 






𝐸𝑒𝑓𝑓√𝐴 .                                                          (2.3) 
 In this equation, they found stiffness 𝑆 to be  𝑆 =  
𝑑𝑃
𝑑ℎ
 for the upper portion of the unloading 
data. 𝐴 is the projected area of the elastic contact. They reported that the measuring of the initial 
unloading stiffness with the assumption that the contact area was equal to the optical measured 





Figure 2.1: Schematic that gives a representation of the load versus displacement during loading and the 
unloading portion. Pmax is the maximum amount of load during load, h f is the final depth of the contact impression 
after unloading, and hmax is the max amount of displacement at the maximum loaded state. S is the calculated stiffness 
from the unloading portion [2]. 
The previously discussed experimentations were used as a basis for a new method that was 
introduced in 1992. This method was able to continuously calculate the hardness and elastic 
modulus from the indentation load-displacement data. This method is known today as the Oliver-
Pharr continuous stiffness method (CSM) [2]. The two main mechanical properties that are the 
most sought after are the elastic modulus, E, and the hardness, H. Load-depth sensing was 
commonly used to get data of a complete cycle of loading and unloading [38]. The unloading data 
is analyzed according to the highly used model for the deformation of an elastic half space. This 
method uses an elastic punch which relates the contact at the peak load to the elastic modulus. 
Then, AFM or SEM was used to estimate the contact area. From the images it was possible to 
measure a separate E and H value. The Oliver-Pharr method eliminated the need of optical imaging 
by introducing a method that could measure the hardness and elastic modulus continuously during 
indentation.  
 The Oliver-Pharr method is a major focus of this thesis, because the nanoindenter we use in 
the experimentation is applying this method. Figure 2.2 shows the cross section of indentation and 
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also shows the parameters that were used for this method’s analysis. At any time during the 
application for this method,  ℎ is the total displacement:  
ℎ =  ℎ𝑐 + ℎ𝑠 ,                                                           (2.4) 
where ℎ𝑐 was the vertical distance that the indenter is in contact with the material. This parameter 
is also known in the indentation community as the indentation contact depth.  ℎ𝑠 is the 
displacement of the surface at the perimeter of the contact.  
 





Figure 2.3: The experimental parameters that are used in the analysis. The three key parameters in this schematic 
are the peak load, the depth in retrospect to the peak load, and the initial unloading contact stiffness. The contact 
stiffness is now only measured at the peak load and creates no restrictions on the unloading data being linear at any 
position during unloading [2]. 
 There are observable differences between Figs. 2.1 and 2.3., namely the experimental 
parameters that are used in calculation of the hardness and modulus. These changes are shown in 






  .                                                               (2.5) 
This change is made and holds true for any indenter tip that has a body of revolution of a 
smooth function and is not limited to a specific geometry. This leads to the new projected area 
equation: 
𝐴 = 𝐹(ℎ𝑐) .                                                             (2.6) 
The function F, is established through the experimentation prior to analysis. When determining 
the contact depth from the experimental data, an equation is derived from equation (2.4): 
ℎ𝑐 = ℎ𝑚𝑎𝑥 − ℎ𝑠 ,                                                          (2.7) 
where ℎ𝑚𝑎𝑥 can be directly measured during indentation. The key parameter to calculate is ℎ𝑠. 
Oliver-Pharr used Sneddon’s expression for the shape of the surface outside the area of contact 






(ℎ − ℎ𝑓) ,                                                        (2.8) 
(ℎ − ℎ𝑓) = 2
𝑃
𝑆
 .                                                          (2.9) 
Combining Eqs. (2.8) and (2.9) and keeping in mind that the contact area of interest is that of 




 ,                                                                (2.10) 




(𝜋 − 2) .                                                             (2.11) 
When similar arguments are made, equation (11) is the same for different geometric constants. 
For flat punch, 𝜖 = 1, and for a paraboloid of revolution, 𝜖 = 0.75. Finally, after successfully 
calculating the modulus, the data obtained from the experiment can be used to determine the 
hardness 𝐻:  
𝐻 =  
𝑃𝑚𝑎𝑥
𝐴
 ,                                                               (2.12) 
where A is the projected area of contact at peak load, evaluated from (2.6). All the aforementioned 
parameters, are calculated during indentations [2]. This is the experimental set-up that is used in 
this study. 
2.2. Expectations from Continuum Models 
Theoretical solutions have been used to study the connections between material yield strength 
and hardness. Continuum models, exploit Tabor’s law [39], which has been the main connection 
between material yield strength and hardness measurement. The relation between load and the size 
of indentation for spherical indenters tips can be expressed by several empirical relations, and the 
first is the Meyer’s law [40]. 
Specific conditions are needed for two-dimensional plastic flow. The flow satisfies the Huber-
Mises criterion when the maximum shear stress equals a critical value of the shear stress k, where 
2𝑘 = 1.15𝑌. Y is the yield stress. The other condition is that in a region in which the plastic strain 
has larger values compared to the elastic, we use the idea that the deformation is determined 




Figure 2.4: Schematic for two-dimensional compressive stresses being replaced by the hydrostatic pressure p 
and maximum shear stress k. This figure shows that p = Q+k = P-k=1/2(P+Q) [39]. 
P and Q are the compressive stresses on a two-dimensional body and can be replaced with the 
hydraulic pressure 𝑝 and shear stress 𝑘. The lines of maximum shear stress are called slip-lines, 
but they should not be confused with slip-lines or the slip-bands detected with the microscope. The 
maximum shear stress is at 45 degrees to P and Q and has a magnitude ½(P – Q). If the maximum 
shear stress is flowing plastically, 2k = 1.15Y or Y depending on the which criterion is used. The 
Huber-Mises criterion states that P = Q+2k. In figure 2.4, P can now be replaced.  Each term 
constitutes a hydrostatic pressure p = Q+k. Two families of slip-lines 𝛼 and 𝛽 cover the whole 
domain of plastic flow, with each of them cutting the other orthogonally. If the hydrostatic pressure 
at any point is known the following equations can be deduced (Fig. 2.4): 
𝑃 = 𝑝 + 𝑘,                                                              (2.13) 
𝑄 = 𝑝 − 𝑘.                                                              (2.14) 
If, however, there is any curvature of the slip-line by an angle 𝜃with respect to a fixed direction, 
then: 
𝑝 + 2𝑘𝜃 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑎𝑙𝑜𝑛𝑔 𝛼,                                               (2.15) 





Figure 2.5: Slip-line pattern in ideally plastic metal deformed by a flat-punch with a diameter of d [39] 
Figure 2.5 has four isosceles triangles, CMA, ANE, ESB, and BTG. These triangles show the 
areas in which the slip-lines are straight lines making an angle of 45 degrees with the face of the 
metal and flat-punch. The triangles from either side of the punch are connected to those beneath 
the flat punch by curved slip-lines. A and B are the centers of the triangles with straight slip-lines 
going to the edges of the triangle. These slip-lines are all in the plastically flowing region and the 
boundary is shown in Fig. 2.5. Starting at G1 you can see that the normal principal stress Q at this 
point is zero, which means 𝑝 = 𝑘. The equation along the slip-line is written as: 
𝑝 + 2𝑘𝜃 = 𝑘.                                                              (2.17) 
There is no change 𝑝 since G1T1 is a straight line, but once the line reaches T1 the slip-line 
begins to curve until the line reaches S1. The slip-line goes through an angle of 𝜃 = −1/2𝜋, so the 




𝜋 = 𝑘.                                                           (2.18)     
There are no changes in 𝜃 as the slip-line is traversed from point S1 to E1, so at E1 we get the 
following equation: 
𝑝 = 𝑘 + 2𝑘
1
2
𝜋.                                                           (2.19)                                                                                                               
Using the flat-punch tip it was found that the hardness is closely related to the pressure across 
the face of the tip, and the following relationship was obtained through extensive quantitative 
expansions and analysis starting with (13-19) to get:  
𝑃𝑚 = 2.6𝑌 𝑡𝑜 3𝑌,                                                         (2.20) 
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where 𝑃𝑚 is the pressure across the face of the tip. After extensive examinations it was realized 
that this equation holds true across all tip shapes with the proportionality constant varying right 
around 3.  
In general, these facts have formed the foundation of how hardness is understood. The principal 
expectation is that hardness is proportional to yield stress, as stated in continuum mechanics, and 
thus depth independent. However, these investigations hold in the millimeter scale, and they may 
not accurately probe the micro and nano-scale. In the micro and nano-scale, one can see clear 
deviations from Tabor’s model in the form of ISEs, showing that hardness is size dependent.  
2.3. Indentation Size Effect 
The increase of yield and/or flow strength has been observed in the uniaxial compressed test 
specimens with a reduced size [41-44]. This size-dependent strength increase is due to a unique 
deformation that is observed to be only in materials with dimensions that approach the average 
dislocation spacing and the plastic deformation which is controlled by a limited number of defects. 
The scale-dependent behavior is only observed when the hardness measurements are at small 
depths: This in turn gives us the indentation size effect (ISE). The observation of the indentation 
size effect is most often seen in materials that are indented with a geometrically self-similar 
indenter like pyramids and cones [45-48].  
Normally, the indentation size effects come in as ‘smaller is harder’, but also, the opposite may 
occur [44, 49].  In this thesis, both cases will be introduced, but it should be noted that the 
experimental work is focused on the normal indentation size effects. Figure 2.6 shows a schematic 
of hardness vs depth curves. In this plot three possibilities are given: The normal ISE, conventional 
theory of hardness (continuum mechanics), and the reverse ISE. In the bottom of the figure, we 
show two images: The first, shows a basic schematic on how the hardness is calculated during 
indentation, while the second shows a basic image of what a Berkovich indenter tip looks like with 
a tip shape angle of 65.3 degrees on all three sides. The reverse indentation size effect is most often 
observed to occur in materials in which the plastic deformation is predominant or when the tip is 




Figure 2.6: Schematic representation of the indentation size effect (ISE) for geometrically self-similar indenters. 
Normally the hardness increases at shallow depths, but there are a few observations out there that show the reverse 
ISE.  Continuum mechanics says there should be no dependence on depth for hardness, that gives us our conventional 
plasticity line [42]. 
Nanoindentation gives a better representation of elastic to plastic deformation in the nano 
regime. Since the 1990’s and the introduction of the Oliver-Pharr method (see section 2.1), the 
material science community has the ability to look at the indention impressions from the load-
depth curves. This has given researchers the ability to try and characterize what in the material is 
causing the indentation size effect at small depths [16, 26, 52-54].  
2.4. Residual stress detection through indentation 
The processing of materials and engineering components has many factors that affect the 
microstructure. However, the impact that is on the components cannot completely disappear even 
when the factors disappear. Residual stress is defined as the internal stress that is present in an 
object in the absence of an external load. The observation of residual stress state is different for 
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examinations and material processing routes. The residual stress can be broken up into two types: 
The macro-residual stress and micro-residual stress [55, 56]. Being able to measure the residual 
stress is important because it does not disappear in manufacturing processes and the residual stress 
effects the material’s mechanical properties.  
The hardness of metals and alloys measured by conventional techniques is dependent on the 
stress state of the material. The effects of residual stress on hardness measurements was first 
observed by Kokubo and Kostron in the 1930’s [57, 58].  Two decades later, Sines and Carlson 
did research on these effects and suggested results that could be utilized to measure the local 
residual stresses of the surface for a given metal [59]. Sines and Carlson’s data showed three key 
results. The first is that the effects of the stress are relatively small showing hardness variations no 
more than ten percent. The second is that the hardness increases with applied compressive stresses 
and decreases with applied tensile stresses. The third was that if the stresses were uniaxial than the 
influence of stress was higher in tension than it was in compression.  
A great number of studies have been applied over the years to experimentally examine the 
association between hardness and residual stress through Brinell, Rockwell, and Vickers hardness 
testing methods [60-63]. These studies suggested that the hardness measurements may be a 
valuable way for characterizing residual stresses in materials. In a Tsui, Oliver, and Pharr study, 
they used nanoindentation to investigate the effect of applied stress on hardness [13]. The data 
revealed that the effect of applied stress on nanoindentation hardness measurements were similar 
to the results in the conventional hardness tests. This provides with evidence that nanoindentation 
can be used to investigate residual stresses. This study was followed up by Suresh and 
Giannakopoulos, who created general methodology for determining the pre-existing residual stress 
[64]. They created a set of formulas that could be used to solve for the mechanical properties for 
continuous shape indentation tests for a range of cases.  
The residual stress effect has been further studied in elastically strained generic materials [65-
67]. Hou and Jennet focused their residual stress investigation on a parameter that was being 
affected, which is the indentation contact area [68]. The indentation contact area has an increase 
in pile-up when compressive stress is present or an increase in sink-in with the presence of tensile 
stress. This study shows that the use of the elastic modulus rather than the hardness of material is 
a way to map the residual stress and correct the hardness values. 
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2.5. Roughness effect  
One of the crucial requirements in nanoindentation is the knowledge of the exact indenter tip 
geometry. At low penetration depths, a slight deviation from the ideal tip geometry may seriously 
affect the results if deviated [69, 70]. The roughness effect dominates at shallow depths and 
promotes inaccuracies in your data, because of the variations in the sample surface. The roughness 
effect can cause major miss reads during the process of nanoindentation. Therefore, it is imperative 
that proper measurements are taken to combat this effect. In this study, we use high-throughput 
indentation to average out the roughness effect. 
2.6. Pop-in noise 
The transition from elastic to plastic behavior during nanoindentation in well annealed crystals 
happens from a distinct displacement burst during a continuous load-displacement curve and this 
is called a ‘pop-in’. When the load-controlled nanoindentation protocol is used, a horizontal 
plateau is observed on the load-displacement curve. This pop-in effect shows the exact moment 
the area under the indenter goes from elastic to plastic. The pop-in is an important part of many 
investigations of plasticity using indentation [71-74]. Pop-in events can happen in one of two ways. 
The first way is by the nucleation of dislocations on the surface caused by the indentation tip, as 
shown in Fig. 2.7. The second way is by the movement of pre-existing dislocations in the bulk 
material, as shown in Fig. 2.8. Figures 2.7 and 2.8 are simulations showing surface and pre-existing 
bulk dislocations. It is important to point out that the dislocations that are nucleated at the surface 
are insensitive to applied-stresses, but the dislocations that are pre-existing in the bulk of the 
material are very sensitive to the applied stresses. In this thesis we are going to experimentally 





Figure 2.7: (a) the nucleation of dislocations caused by the flat-punch indenter tip and (b) shows the movement 
of pre-existing dislocations located in the bulk of the material. 
3. Theoretical Explanations / Analysis 
3.1. Expectations from Discrete Dislocation Dynamics  
In a crystalline material, dislocations are line defects that show permanent deviations of atoms 
from their original crystallographic structure [58]. Dislocations move in slip systems of a crystal, 
which creates plastic deformation. The understanding of the nature of dislocations is needed when 
it comes to modeling the plasticity of a crystalline material [76-82]. Since continuum mechanics 
cannot capture the nano regime phenomena, different modeling techniques are required to get a 
full understanding of the hardness depth relations. Two- and three-dimensional, discrete 
dislocation dynamics (2D/3D-DDD) has been used to investigate the hardness deviation, affected 
by the in-plane stress and indentation depth. In the following, we will present our results of the 
2D-DDD simulation model that was studied in Dr. Papanikolaou’s group, that was used for 
polycrystalline aluminum study, and provides significant insights towards understanding 
experimental data [68]. The model is shown in Fig, 3.1. A sample with length of 1000um and a 
thickness of 50um is indented by a circular indenter with a radius of R = 1 um. In-plane stresses 
are applied to the material prior to indentation. The finite element mesh is extremely refined where 




Figure 3.1: Schematic of DDD simulations. The width is wp = 20μm and the height is hp = 10μm. The red dots 
indicate the dislocation sources, and the blue dots indicate obstacles. These dots are randomly distributed on slip 
planes [78]. 
 
Figure 3.2: 2D DDD results for polycrystalline Al. (a) shows the load-depth curves with increased applied stress. 
(b) shows the normalized hardness and the dotted line shows the theoretical model for indentation depth of 5nm. (c) 
shows the event statistics for indentation depth up to 40nm. (d) shows how the in-plane stress effects on the total 













2D-DDD simulations are shown in Fig. 3.2 and compared with experimentation, where the 
simulation is a simplified model of the experiment, since only 2D planes are examined. The 
simulation field can be controlled and examined to the last detail, in contrast with experiments, 
where the controllable variables are limited. Nevertheless, this simplified model can accurately 
describe experimental procedures since it is based on theoretical models.  
Moreover, three-dimensional, discrete dislocation dynamics (3D-DDD) were also used to 
investigate the hardness transition with increasing applied stress. A flat-punch tip was used for this 
simulation for the investigation of hardness transition. Figure 3.3 (a) shows the random pre-
existing dislocations a copper sample. Figure 3.3 (b) shows a tensile test implemented on the 
copper sample, to determine what pre-stresses we should assign before indentation. Figure 3.3 (d) 
shows that the dislocation densities increase with applied stress. For this sample, we picked (0, 45, 
90, 135, 180 MPa) as our pre-stresses. 0 and 45 MPa are the applied stresses that stays in the elastic 
regime. 90, 135, and 180 MPa are applied stresses that are in the plastic regime. It is clear from 
the results (Fig. 3.3 (c)) that the hardness transitions with increasing applied stress. 3D-DDD is an 
ideal way to investigate this problem, but there are time constraints on this type of simulations.  
3D-DDD simulations also have problems with implementing boundary conditions and the codes 
are not as optimized as in the 2D-DDD simulations.  
Furthermore, a dislocation density model can be used for examining small-scale plasticity 
considerations. The indentation size effect in the nano scale was linked to a ratio of the surface 
energy and the plastic strain dissipation by Gerberich and colleagues [83]. The hardness equation 
for spherical indentation tips becomes: 













 ,                                                           (3.1) 
where 𝐻 is the hardness, 𝑆/𝑉 is the plastic surface area over volume ratio, 𝛿 is the indentation 
depth, and 𝑅 is the tip radius. 𝑆/𝑉 ∗ √𝛿 decreases at small indentation depth. We define 𝜎𝑓 as the 
local material flow stress as a function of the local dislocation density. The local flow stress should 
have a complex non-monotonic dependence on the local dislocation density at the nanoscale [84]. 
We then suggest that the flow stress is a function of the local dislocation density during indentation: 
𝜎𝑓 =  
𝛽
𝑅√𝜚
+ 𝛼𝑏√𝜚,                                                        (3.2) 
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where 𝜚 is the local dislocation density, R is the indenter tip radius, b is the magnitude of the 
Burgers vector, and 𝛽 and 𝛼 are dimensionless fitting parameters, and for this circumstance they 
are 1.76×10−3 and 0.46. In figure 3.2 (b) the dashed line at 5nm agrees with our simulation and 
experimental results.  
 
Figure 3.3: (a) the 3D indentation model, with Frank-Read sources whose initial density is 5e12/m^2. The top is 
a flat punch with a diameter of 250nm. (b) a tensile test done on (a) to determine the tensile pre-stress that should be 
assigned. (c) the hardness vs applied stress with the 5 pre-stresses that we chose (0, 45, 90, 135, 180MPa). In Figure 
(c) we see clear hardness transition with increasing Applied stress at a depth of 5nm. (d) dislocation density of the 
material increases with applied horizontal stress (MPa). 
4. Nanoindentation Experimentation 
4.1. Specimens 
The testing materials for this project are from the FCC family of crystalline structures (Cu, Ni, 
Al). Commercial aluminum and copper bulk sputtering targets (99.99% purity, Plasma Materials 
Inc., US), commercial copper, aluminum bulk single crystals (100), and polycrystalline Nickel 
(99.99% purity, MTI Corporation., US), were the materials used in this study. The Single crystal 
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and polycrystalline Nickel were polished on purchase. The polycrystalline Al and Cu were electro-
polished using the standard protocols at the third-party materials supplier (Materials Resources 
LLC, Dayton OH). The polycrystalline Cu and Al samples both have the same dimensions (in 
length x width x height) (50mm x 25mm x 2mm). The polycrystalline Ni has the dimensions 
(50mm x 25mm x 1mm). The single crystal samples dimensions are (10mm x 10mm x 1mm).  
The testing samples were all put into a custom built 4-pt bending apparatus. Two apparatuses 
were designed for the specifications of the poly and single crystal samples. The apparatuses are 
shown in Fig. 4.1. Each apparatus has a screw in the center that, when turned, would move the 
metal stage upward and apply vertical stress on the samples, which causes the top surface to 
experience a tensile force. These structures were used to push the material into the yielding and 
plastic regions while we investigated the surfaces with nanoindentation. Figure 4.2 shows the 
single crystal Cu and Al and polycrystalline Cu and Ni in the 4-pt bending system. During the 




Figure 4.1:(a) and (b) show the beginning schematics used to build the 4-pt bending systems. (a) is the 4-point 
bending system that was used on the single crystal samples since their smaller size could not fit in the bigger system. 
(b) was used on all the poly crystal samples. The empty space below in the center is where the metal plate that pushes 
against the samples is placed. 
 
 
















Figure 4.2:  (a-d) shows the materials sitting in the 4pt-bending systems. (a) shows the poly crystal Cu. (b) shows 
the poly crystal Ni. (c) shows the single crystal Al. (d) shows the single crystal Cu. (b-d) show samples after indentation 
while (a) gives a representation of the initial stage before applying the strain gauge. 
While the top surface is under tension, the total strain values were recorded using uniaxial 
strain gauges that had a resistance value of 320 Ω (National Instruments Inc., TX). The in-plane 
stresses were calculated by fine element simulations (ABAQUS) using the strain gauge values and 
the sample deflection. Tables 4 (1-5) gives the measured deflection and total strain, and the 
calculated plastic strain and tensile stress. The single crystal aluminum sample only had enough 
applied stress to reach 0.1% strain, before clear surface steps started forming. For the same reason 
in the single crystal Cu, we only reach 0.16% strain. Figure 4.7 (a) shows a representation of the 
beginning stages of the experiment, and Fig. 4.7 (b-d) shows the samples after in-plane tension has 





Table 4.1: Polycrystalline Al 
Deflection, µm Total strain, % Plastic strain % 
Tensile Stress, 
MPa 
0 0 0 0 
97 0.031 0 19.1 
226 0.065 0 40.13 
316 0.11 0.04 41.86 
403 0.15 0.08 43.21 
493 0.2 0.127 44.6 
583 0.24 0.165 45.9 
717 0.31 0.233 47.12 
823 0.36 0.283 47.35 
 
Table 4.2: Polycrystalline Cu 
Deflection, µm Total strain, % Plastic strain % 
Tensile Stress, 
MPa 
117 0.101 0 111 
139 0.133 0.0004 129 
193 0.173 0.004 139 
249 0.242 0.01 155 
271 0.279 0.125 161 
316 0.327 0.167 172 
360 0.378 0.021 190 
405 0.435 0.025 191 
449 0.495 0.03 195 
539 0.597 0.04 203 







Table 4.3: Polycrystalline Ni 
Deflection, µm Total strain, % Plastic strain % 
Tensile Stress, 
MPa 
14 0.012 0 20 
34 0.03 0 52 
59 0.049 0.014 70 
66 0.067 0.02 70 
99 0.11 0.07 70 
121 0.16 0.11 70 
145 0.203 0.15 70 
169 0.252 0.19 71 
237 0.355 0.3 72 
 
Table 4.4: Single Crystal Al 
Deflection, µm Total strain, % Plastic strain % 
Tensile Stress, 
MPa 
2.3 0.005 0 3.5 
9.3 0.05 0.009 20 
11.2 0.1 0.04 20.11 
 
Table 4.5: Single Crystal Cu 
Deflection, µm Total strain, % Plastic strain % 
Tensile Stress, 
MPa 
13 0.04 0.02 33 
17 0.08 0.045 33.4 
22 0.12 0.09 33.5 
25 0.14 0.1 33.6 






4.2. Experimental Procedures 
The 4-pt bending apparatus, using a sapphire sample, had a frame stiffness value of 1.516x106 
N/m and the value stayed constant throughout all the procedures. The Nanoindentation was carried 
out by an iNano that was made by Nanomechanics Inc., TN [6, 79]. The nanoindenter was 
equipped with a diamond Berkovich tip. The dynamic force oscillation was disabled for detecting 
the displacement bursts and the feature was enabled throughout the hardness tests. The indenter 
uses the Oliver-Pharr continuous stiffness method (CSM), as mentioned in Sec. 2.1, to measure 
the hardness of a material.  
Figure 3.3 shows the nanoindenter set-up during a video calibration. Video calibrations in the 
iNano are important to keep precision between the camera and indenter. System calibrations were 
also done to help the indenter distinguish the tip it was using. The last test was an operational 
calibration. The actuator, which is the component the tip is installed to, controls displacement, 
force, and spring stiffness. The operational calibration is used to make sure the actuator is working 
properly, and the inner components are not broken. Each calibration was done in between samples 
for optimal testing.  
After the machine is properly calibrated, the hardness and the load-control protocol 
indentations were carried out. Hardness protocol used a constant indentation strain-rate of 0.2s−1. 
The dynamic displacement was measured to be at 0.3nm that had a standard deviation of 0.1nm. 
The frequency used for the hardness and loading protocols was at 100 Hz. The displacement was 
measured with a differential capacitive sensor which can measure up to a resolution of 0.01nm, 
but the environmental noise was consistently measured to be around 2nm consistently. 
Environmental noise is one of the toughest things to filter out of in experimentation. To fight the 
environmental noise the following steps were taken: The iNano indenter was set up in a laboratory 
where external noise gets buffered out by the rooms walls, the nanoindenter was placed on an 
advanced vibration-free table. These steps provided the optimal environment for the machine to 
run. During every test the thermal drift rate was sustained at less than 0.2 nm/s.   
The biggest challenge for collecting thousands of indentations is the experimental time. The 
time required for the standard load-control protocol ranges from 5-10 minutes. For example, 
10,000 indentations would require a minimum run time of 70 days. This approach is unreasonable 
for collecting large data sets for statistical analysis. The above standard protocol was edited in the 
following ways: Firstly, we disregarded the unloading portion of the load-displacement process. 
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Secondly, we scaled the indenter approach rate. The new fast-protocol indentation time took no 
longer then 15s. When approaching the surface, the indenter does soft taps to obtain the surface of 
the material. Once the indenter tip makes contact with the surface, the force and displacement 
readings at that moment become the zero load and depth values. Even with the increased speed, 
the time frame for acquisition of this data took a little over a year. 
 
Figure 4.3 visual representation of the process of indentation during a video calibration. The camera is the first 
component with the indenter tip in the second component. 
The samples, prior to indentation, were vacuum sealed to protect from oxidation. Before 
indentation, the samples were removed from the seal and allowed one hour to thermally 
equilibrate. The experimental set-up for all testing materials had the following nanoindentation 
procedures: All the FCC samples were placed in the 4-pt bending apparatus, and in-plane stress 
conditions were applied. The polycrystalline samples were placed in the apparatus and stress was 
applied through the motion of a set-screw that had a 70um deflection and was verified through the 
measured strain values.  
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Table 4.6 shows the experimental set up for all materials that were used in this study. The first 
row shows the set maximum depth for all tests. The second row shows the indentations per stress 
level. The third row shows the grids for each section done in the stress level. For example, poly 
crystal Cu had total number of 1000 indentations with a 10x10 grid size. This means that there 
were 10 different grids per stress level. Figure 4.9 presents the landscaping for the load control 
protocol over different strains.  The loading rates for the poly crystal samples were set to 0.5 mN/s. 
It can be observed that for the single crystal samples the loading rate was set at 0.2 mN/s. The 
single crystal samples are extremely soft, which makes the load needed to reach the target depths 
substantially lower than the needed load for the polycrystalline samples. Using this experimental 
framework, the only difference in the experimental parameters were the in-plane stresses, 
therefore, the difference between experimental results of the data sets are expected to be a 
consequence of the in-plane stress.  
As mentioned in section 2.4, the use of high-throughput indentations was done to statistically 
average out the roughness effect.  In table 4.6, the poly crystal samples have a higher indentation 
value. This is mainly due to the need of our averaging statistics. The single crystal materials were 
much flatter with less deviation on the surface. Knowing this, we did not need as many indentations 
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Figure 4.4: landscape representation of the poly crystal Ni load protocol. The white space is filled with hardness 
protocol arrays. The different colors represent different strain levels. 
5. Experimental Results/ Discussion 
5.1. Description of data analysis tools 
In this section, we are going to discuss the procedures that were taken to analyze the data. After 
the indentation runs were finished, the data was exported into CSV files (Comma Separated 
Values) and transferred to a computer setup to do data analysis using Python. Table 5.1 shows a 
sample of the basic structure of the data obtained from the loading protocol. Hardness data sets, 
also include indentation modulus and the hardness values, which are not present in the load 





Table 5.1: visual representation of how the data is set-up before analysis with python. The actual sets are 
substantially bigger then this little cut out. For the load analysis the two main columns are the Load and Depth 
columns. 
Once the acquisition was completed, we started the data analysis. The data was imported using 
Pandas. Pandas is a python library used primarily for data science and analysis. It allows the user 
to keep the structural basis of the csv file in a Dataframe. This importation method is user friendly 
that makes the process of analyzing data easier. After importation, the data was grouped by its 
strain level. Furthermore, due to the inordinate number of tests per strain level, it was found that 
the measurements had to be statistically processed. As you will see in the raw data figures 
presented in the experimental section, analyzing such data can be extremely difficult.  
Two key steps were taken for statistical processing: Measurements were grouped by a 5nm 
depth range (arbitrarily chosen), where the range is called a bin, and an averaging technique was 
used to remove outliers. Data binning was needed to accurately average the data for our 
investigation purposes.  For both the hardness and load data, a running average was implemented 
for the removal of outliers. The removal process was simple. For each strain level, we grouped all 
the data and averaged each of the binned depths. This is how we created a running average for 
each strain level.  The averaging technique was implemented to the data and if the data deviated 
by 5GPa or 5mN (depending on the nanoindentation protocol) the data point was removed.  
Through this process, we were able to “clean” the data sets and obtain figures that clarified our 
investigation. Hardness’s main focal point for analysis is the changes in the hardness values across 
the in-plane stresses. Load’s main focal point for analysis is the changes in the pop-in statistics 
across the in-plane stresses. The following procedures were done on the hardness protocol data:  
The “cleaned” data sets were averaged along with the calculation of the standard deviation of each 
bin. For the process of looking at transitions, two important figures were made. Firstly, the 
hardness vs. depth curves, where we plot the average point along with the standard deviation as 














,                                                    (5.1) 
where R is the hardness or load (depending on the protocol), and N is the total amount of data 
points in the bin.  
This process was done to each strain level and plotted together. The second was the hardness 
vs. strain at variable depths. Both figures are presented in the experimental section. The same 
procedures were implemented on the load protocol data, but additional measures needed to be 
taken to examine the pop-ins. For the analysis of the pop-in noise, the code used on the loading 
protocol was extended in the following ways. The pop-in noise event in our study is defined as 
S = dhi
ifordh>hthr
å , to evaluate the displacement bursts in a quantitative manner, using the threshold 
value hthr to be equivalent to the machine noise threshold hthr=0.2nm.  S is equal to the magnitude 
of one single displacement burst, while P(S) is the probability density of an event taking place. 
The probability density vs. the magnitude, P(S) vs. S, was plotted to look at the probability event 
distribution. In the experimental sections, you will see the FCC materials raw data, statistically 
analyzed data, and a comparison among the crystals results. At the end of the section, we will also 
present some conclusions drawn from our findings.  
5.2. Polycrystalline Aluminum 
In order to get an accurate investigation of the influence of the applied stress on the curves, the 
indentation depths were kept in a square surface area of 1mm x 1mm in the center of the materials. 
This was to create an indentation that would hit the surface with the same strain reading as the 
strain gauge. As we move away from the center of the sample, the strain readings are less accurate. 
In the following figures, our analysis will consist of the hardness-depth curves and then we will 




Figure 5.1: the raw data from the indentation readings. Different symbols/colors indicate different indentation 
test. Each figure has almost 200 indentations in them.  (a-b) shows the decrease in the hardness as more in-plane 
tension was applied to the specimen. (a) Shows the hardness-depth curve for 0% strain and (b)shows the hardness 
curve at 0.45%. 
Figures 5.1 (a-b) present us with clear variations of hardness as the in-plane stress is increased 
along with the strain. In 5.1 (a) the hardness is increasing with increasing indentation depths, until 
it reaches a peak at about 4GPa and then dropping off and leveling out at about 1GPa. Even as the 
peak decreases with increasing strain it is observed that they all level out to about 1GPa. High 
statistical variations can also be observed in the figures. In figure 5.2 (b) we see that the peak 
reaches about 2 GPa and levels out at about 1 GPa. The indentation size effect is clearly shown in 
the polycrystalline aluminum data at depths just below 12nm and dissipating after that. 
 
Figure 5.2: Counterpart of 5.1after the binning and removal of outliers. Figure 5.2 is binned at every 2.5nm. 
Different symbols/colors indicate different indentation test 
Figure 5.2 shows us the hardness-depth curves, after a noise reduction technique has been 
applied to the datasets. The outliers seen in Fig. 5.1 are gone, and the data is separated into bins, 
for increasing depths. For analysis purposes, it is almost impossible to just analyze the original 
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curves, so binning and then smoothing the data allows a more precise analyzation of the applied 
stress effect. We then record the average and the standard deviation of each bin.  
 
Figure 5.3: the average hardness-depth curves. Different symbols/ colors represent a different strain, and there 
are about 200 curves averaged in each strain.  (a) shows the hardness is equivalent to a power law of the strain. (a) 
provides the full hardness average where (b) is zoomed in on the major area of focus. (c) shows the average hardness 
at each binned depth with respect to the strain. 
Figure 5.3 (a-c) show clear transition in hardness as the strain is increased. (c) shows how the 
effect is represented until it reaches about the 12.5nm depth. Once it reaches this depth it begins to 
level out with the increase in strain. Even though the natural disorder is due to small indentation 
depths. We can observe a convincing association between the depth-dependent hardness and the 
applied in-plane stress. As observed in Fig. 5.1 the hardness peak goes to almost 4GPa in (a) and 





Figure 5.4: (a-c) are the load depth curves at different strains. Different symbols/colors indicate different 
indentation test. There are about 800 indentation tests in each figure. (a) shows indentations at 0.25% strain, (b) 
shows indentations at 0.4% strain. 
For all tests, the load-displacement curves present a continuous elastic response immediately 
followed with numerous measurable displacement bursts. The displacement bursts or “pop-ins” 
(section 2.5) can be clearly observed in Fig. 5.4. Figure 5.5 shows how the loading data was binned 
before analysis. The approach for averaging the load data is similar to that of the hardening data. 
For pop-in, an analysis was done on the raw data from Fig. 5.4.  
 
Figure 5.5: (a-b) shows the statistically processed and binned load-depth data sets. By getting rid of the outliers 
we can now get a more accurate averaging of the load-depth. Different symbols/colors indicate different indentation 




Figure 5.6: (a) four load depth curves for a clearer representation of the pop in events. (b) shows the average 
load at each binned depth. In (b) about 800 indentation tests are averaged in each strain.  (c) shows the probability 
density of pop-in events as a function of event size. 
As observed in Fig. 5.6 (a), all the load depth curves across material show continuous elastic 
response with an immediate measurable displacement burst, and then followed by more 
displacement bursts. The overall behavior in the load-depth curves is characterized by the intrinsic 
material noise that is attributed to the surface roughness and stochasticity of plastic deformation. 
This is especially true since the samples were not thermally annealed. The load-displacement 
curves observed in Fig. 5.6 shows a large deviation which can be clarified by the nano-mechanical 
behavior given the large statistical testing over a highly homogeneous surface. The pop-in statistics 
of the probability distribution are plotted as different strain values in Fig. 5.6(c). Figure 5.6 (c), 
where S is the magnitude depth of a single displacement burst, and P(S) is the probability density.  
In this section we covered and explained all the data and the observations. The other materials 
are done and analyzed the same way, so we will just quickly look at all the results and see if the 




5.3. Polycrystalline Copper 
 As the polycrystalline copper results are presented the comparison with polycrystalline 
aluminum will be made. The polycrystalline copper was indented after the aluminum tests were 
finished.  
 
Figure 5.7: (a-b) are hardness curves for Cu as we applied more stress on the samples. Different symbols/colors 
indicate different indentation test. Almost 100 hardness measurements are in each strain plot. (a) is the copper at 
0.101% strain and (b) is at 0.327% strain. 
Figure 5.7 (a-c) shows clear hardness transition with more applied stress, but when we look at 
the averaging statistics in Fig. 5.8 the effects aren’t as clear. This is due to the variability in each 
of the test sequences and the roughness of the material. The polycrystalline Cu samples have 
rougher surface compared to the other materials. The poly crystal Cu peaks at about 25 GPa 
compared to the much smaller peak of 4 GPa for the polycrystalline Al. The polycrystalline Cu 
still shows the indentation size effect at depths below 10nm. This transition is happening faster 
than the transition of poly crystal Al. The effect on the Al lasts till 12.5nm unlike the smaller 10nm 




Figure 5.8: (a) that hardness is equivalent to a power law of the strain. (a, b) different symbols/colors indicate 
different indentation strain. There are about 100 hardness plots averaged in each strain. (a) shows the hardness 
average per strain as a function of depth. (b) presents a zoomed in portion of the main area of analysis of (a). (c) 
shows the hardness transition from shallow depths to 10nm then (the light grey box line) we see this transition end. 
The transition for the poly crystal copper happens at faster rate than we see in the poly crystal aluminum. 
 
Figure 5.9: (a-b) load-depth data curves at different strains. Different symbols/colors indicate different 
indentation test. There are about 1000 indentation tests in each figure. The pop-in events are not as clear as they are 






Figure 5.10: (a) shows 4 selected load-depth indentations for a better representation of individual curves. (b) 
shows the average load with respect to depth and is observed that the variability is not very high. There are about 
1000 tests averaged per strain. (c) shows the pop-in probability density for 1000 tests for each strain. 
 The polycrystalline Cu pop-ins are substantially smaller than the pop-ins that are observed in 
the polycrystalline Al data. One explanation that can be made is that the copper is a harder material 
and the indentation pop-ins are more subtle, and since the material is harder that may contribute to 
a smaller magnitude in the pop-in. It can also be observed that at 50nm, the max load, needed to 
reach that depth is 0.45mN for Cu and 0.2mN for the Al. Even though the aluminum is a softer 
material, it is interesting to see that the copper sample needed over twice the load of aluminum to 
reach the same depths. The last thing that can be noticed is the probability density of the pop-in in 
the copper has a smoother curve than the aluminum, but the probability is much lower which makes 




5.4. Polycrystalline Nickel 
As we present the Nickel data we will detail the comparisons between all three FCC crystals. 
The set-up was the exact same for all three testing materials. Now we will dive into how they all 
compare together.   
 
Figure 5.11: (a-b) hardness curves for Ni as we applied more stress on the samples. Different symbols/colors 
indicate different indentation test. Almost 100 hardness measurements are in each strain plot. (a) is the nickel at 
.030% strain and (b) is at 0.160% strain. 
The nickel curves are identical to the copper curves seen in Figs. 5.7 and 5.11 The applied 
stress effect is observed, but it seems to be subtle and dissipate at about 6nm unlike the copper 
which dissipates at 10nm copper. While the copper and nickel look similar it can be shown that 
the nickel has an even more subtle effect than the copper. This can be observed in 5.8 and 5.12. 
One key reason for this is the difference in the strain readings. If you compare the Figs. 5.8 and 
5.12, it will be noticed that the nickel and copper have close to the same hardness readings at 
shallow depths, but as the depths increase, the nickel levels out to about 5GPa compared to the 
Cu’s 3GPa. The biggest thing to bring away from this comparison is that the applied stress effect 





Figure 5.12: (a) shows that hardness is equivalent to a power law of the strain. (a, b) different symbols/colors 
indicate different indentation strains. There are about 100 hardness plots averaged in each strain. (a) shows the full 
hardness average with respect to depth curve. (b) shows the area of interest and (c) shows us similar results to poly 
crystal copper. The nickel transition happens very fast as well at about the 6nm range and then after that the effect 
seems to dissipate. 
 
Figure 5.13: (a-b) show load-depth data curves at different strains. Different symbols/colors indicate different 
indentation test. There are about 1000 indentation tests in each figure. The pop-in events are not as clear as they are 





Figure 5.14:  (a) shows the load-depth curves of 4 data sets to see a better representation of how one curve looks. 
(b) shows the variation in the average load across the strain levels. In (b) there are about 1000 tests averaged per 
strain (c) shows the probability density across 1000 tests per strain value. 
The pop-in effect for nickel can be observed similarly copper with smaller pop-ins than the Al. 
The probability density shows this with a lot lower values than the aluminum and just slightly 
smaller values than the Cu. Now that we have observed the poly crystal data curves, we are going 
to take a look at the results of the single crystal testing. The purpose of the single crystal testing 
was to make sure the effect we are seeing was not caused by the grain size or grain boundary. In 
single crystal, the applied stress effect should be more prominent with the absence of these effects. 
After we finish the single crystal analysis, we will review and compare data the for single crystal 
and poly crystal. 
5.5. Single Crystal Aluminum 
As mentioned in the previous section, purpose of the single crystal results was to verify the 
results observed in the poly crystal samples. The same procedures and analysis was done to both 
the single crystal Al and single crystal Cu. However, it needs to be mentioned that the single crystal 
samples are extremely soft and yield exceptionally fast, meaning to reach and surpass the yielding 




Figure 5.15: (a-b) are figures showing the raw data from the indentation readings. Different symbols/colors 
indicate different indentation test. Each figure has almost 1000 indentations in them.  (a-b) shows the decrease in the 
hardness as more in-plane tension was applied to the specimen. (a) Shows the hardness-depth curve for 0% strain 
and (b)shows the hardness curve at 0.100% strain.
 
Figure 5.16: (b) shows that hardness is equivalent to a power law of the strain. Different symbols/colors indicate 
different strains. Each figure has almost 1000 indentations averaged in each strain.  (a) shows the full hardness 
average with respect to depth curve. (b) shows the area of interest and (c) shows us similar results to poly crystal 
aluminum. (a-c) shows the hardness at shallow depths transitions almost immediately, but the effect is still present till 
12nm 
Figure 5.16 shows the applied stress effect is present in the single crystal aluminum with 
increasing in-plane tension. Figures 5.15 and 5.16 give evidence that the applied stress does have 
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an effect on the bulk surface hardness tests. From these results, we can see that the hardness 
decreases with the increase in applied strain but is only in the range below 12nm.  
 
Figure 5.17: (a) shows the load-depth curves of 4 data sets to see a better representation of how one curve looks. 
(b) shows the variation in the average load across the strain levels. In (b) there are about 1000 tests averaged per 
strain (c) shows the probability density across 1000 tests per strain value. 
Figure 5.17 shows us the loading analysis for the single crystal Al. The probability statistics 
give a similar curve to the poly crystal Al. The pop-ins are distinctive and can be seen in the black 
curve in Fig. 5.17(a). This data gives us the evidence we need for verification in the polycrystalline 
Al.   
5.6. Single Crystal Copper 





Figure 5.18: (a-b) are figures showing the raw data from the indentation readings. Different symbols/colors 
indicate different indentation test. Each figure has almost 500 indentations in them.  (a-b) shows the decrease in the 
hardness as more in-plane tension was applied to the specimen. (a) Shows the hardness-depth curve for 0% strain 
and (b)shows the hardness curve at 0.140% strain. 
Figure 5.19 gives us similar results to the poly crystal copper. The applied stress effect 
dissipates at around 8nm instead of 10nm which was observed in the poly crystal copper. The 
single crystal copper and aluminum both show the evidence needed to verify the applied stress 
effect. Figures 5.17 and 5.20 shows evidence of the residual size effects in the nano regime, which 







Figure 5.19: Different symbols/colors indicate different strains. Each figure has almost 500 indentations 
averaged in each strain.  (a) shows that hardness is equivalent to a power law of the strain (a) shows the full hardness 
average with respect to depth curve. (b) shows the area of interest and (c) shows us similar results to poly crystal 







Figure 5.20: (a) shows the load-depth curves of 4 data sets to see a better representation of how one curve looks. 
(b) shows the variation in the average load across the strain levels. In (b) there are about 500 tests averaged per 
strain (c) shows the probability density across 500 tests per strain value. The pop-in statistics is consistent with various 
theories of avalanche phenomena [85]. However, this topic lies beyond the purpose of this work. 
 
Figure 5.21: provides us with the AFM images that was done on the single crystal samples. (a) shows us the 
single crystal aluminum results and shows variations around 4nm. (b) shows the surface of the single crystal copper 
and the surface only has a surface roughness below 1nm. (b) has the least amount of roughness and results would be 





The surface roughness plays a huge contribution in the accuracy of data acquisition. The single 
crystal samples were taken to AFM to make sure that the roughness would not greatly affect the 
statistical analysis. In the single crystal experiments, because of the limitations on the grain size, 
grain boundary and surface roughness, the effect of applied stress is more prominent. The noise 
statistics in the single crystal copper are similar except for the 0.16 strain. The 0.16 strains 
difference can be explained by the occurrence of surface steps from the quicker yielding. This 
makes the data accuracy drop and can explain the variation in the pop-in statistics analysis.  
5.7. Construction of a Elasticity-Plasticity Transition Order Parameter 
In this section, we will be introducing a new method for investigating plasticity transition. The 
idea revolves around pop-in events. It is well known that pop-in events are the initiation of 
plasticity [61, 63, 67]. If we analyze dh/dp at a pop-in, the value should be going toward infinity, 
because dp would approximately be equal to zero. We believe there will be variance in the order 
parameter (dh/dp), but at the moment of transition from elastic to plastic there should be a peak in 
this order parameter. The order parameter was a big goal for this research, and to show how useful 
it can be, we are going to look at a recent study trying to investigate the pop-in in a similar way.  
A study was conducted in 2012 on the pop-ins by Wang, Zhong, Lu, Lu, McDowell, and Zhu 
[86]. In this study, they did experimentation on three single crystal copper samples using 
nanoindentation with Berkovich tip. The single crystal samples were grown by the Bridgman 
technique, and cut into rectangles by spark erosion. To get the results seen in Fig. 5.23, the single 
crystal samples were annealed in a vacuum chamber for six hours and the temperature was set 800 
degrees Celsius. The surface roughness for the single crystals was below 3nm. The single samples 
used in our study had a surface roughness of about 2nm. Figure 5.23 (a) shows the pop-in results 
for the three single crystal materials. The most important line in this figure is the purple line (crystal 
orientation {100}), because that matches our single crystal copper. In contrast with our results, a 
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pop-in event is easily seen (where load plateaus in the region of 10-14nm). This is a consequence 
of them annealing of the sample for six hours.    
 
Figure 5.22: (a) experimental results of nanoindentation on (111), (110), and (100) copper crystal orientation. 
(b) shows the frequency histograms of the critical indenter force and displacement at the onset of displacement bursts 
[86]. 
In our study, we believe these steps are not needed and can be replaced with an order parameter 







 ,                                                   (5.2) 
where x(i) is equal to the depth and y(i) is equal to the load in a current measurement i along the 
curve. We examine depths and load at three measurements apart (i, i-3) in order to avoid 
environmental noise.  
Figure 5.24 (a-b) shows the order parameter and the variance of the order parameter with 
respect to strain. From this figure you can see a clear transition happening at 0.12 % strain. Figure 
5.24 (a-b) are important, because this shows the validity of our order parameter. In figure 5.23 (a-
b), you see that the pop-in for the orientation {100} happens around 25-30μN or 0.025-0.03mN. 
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From figure 5.25 you see that the peak pop-ins happen at about 0.025mN. This is important because 
this opens the door for different types of analysis on plasticity. 
 
Figure 5.23: (a) the plotting of the order parameter vs total % strain. Each line represents a different indentation 
depth. The shallower depths have the straighter lines, because close to 5nm is when the first pop-in happens. Meaning 
anything smaller than the 5nm should be almost completely flat.  The deeper depths have a peak at 0.12 % strain 
which indicated the elastic to plastic transition. (b) shows the variability of the order parameter and is consistent with 
(a). 
 
Figure 5.24: (a) the order parameter with respect to a certain load. The peaks in (a-b) are the showing the 
initiation of plasticity. The peak position is consistent with the locations in the annealed samples [86], as shown in 
Fig. 5.22 
The order parameter is a new technique that is equal to the inverse stiffness and can be used to 
investigate plasticity and yield stress. What has been presented in this thesis, is one of the 
beginning stages of our investigations. The order parameter needs to be processed, refined, and 
understood further. The next stages in this problem is connecting the order parameter to the Bulk 
hardness, if we can connect these to parameters we will be able to solve for the yield stress through 
nanoindentation. Tabors law 𝑃𝑚 = 2.6𝑌 𝑡𝑜 3𝑌  (20) can also be written as: 
𝐻𝐵𝑢𝑙𝑘 = 2.6𝜎𝑦 𝑡𝑜 3𝜎𝑦,                                                        (5.3) 
where HBulk is equal to the hardness of the bulk of the material. This equation is a part of the total 
hardness: 
𝐻 =  𝐻𝐵𝑢𝑙𝑘 + 𝐻𝑆𝑢𝑟𝑓𝑎𝑐𝑒 ,                                                 (5.4) 
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where HSurface is the hardness of the material on the surface. If we take nanoindenations at the zero 
stress that should give us 𝐻𝑆𝑢𝑟𝑓𝑎𝑐𝑒  and then measure the hardness with applied stress that would 
give us  𝐻, and if we subtract these to curves it should give us the Bulk hardness curve. If this 
works, we will be able to connect continuum mechanics to the nano-scale and create a non-
destructive way to find the yield stress of a given material.  
6. Conclusion 
This study provides clear evidence of the applied stress effect in all the FCC crystal materials. 
In all experiments, ISE’s were observed and affected by the in-plane stresses. The comparisons 
between copper and nickel are interesting, because they share similar results in the hardness and 
pop-in statistics, in contrast with the hardness and pop-in statistics in aluminum. The aluminum 
polycrystalline depth-dependent hardness measurements, show a clear transition close to 10nm as 
the applied in-plane stress is increased. Polycrystalline copper depth-dependent hardness 
measurements, show clear transition close to 10nm. The nickel depth-dependent hardness 
measurements, show clear transition close to 6nm. This indicates high stochastic behavior at small 
indentation depths, which disappears as in-plane stresses increase. The differences in the single 
crystal and their respective polycrystalline materials are a consequence of grain boundary and the 
grain sizes in the poly crystal samples. The pop-in statistics in all the tested samples show no clear 
difference across applied strains in the displacement bursts, which means pop-ins are unaffected 
by the in-plane stresses. Absolved of the limitations in any poly crystal material, our single crystal 
experiments clearly show the effect of the applied stress, which verifies our findings in the 
polycrystalline materials results. The order parameter worked for the analysis of single crystal 
copper, but still needs a lot of refining before the next stages in the research.  
In summary, we employed large amounts of nanoindentation on polycrystalline materials (Al, 
Cu, Ni) and single crystal materials (Al, Cu) at different in-plane stresses, to investigate the 
incipient plasticity transition across the FCC crystals. Both single crystal copper and single crystal 
aluminum experiments solidify our findings on the in-plane stress effect in polycrystalline 
samples. The characteristics from the results of the average hardness plots are consistent with the 
findings in the polycrystalline samples, validating that the polycrystalline results were not 
influenced by the grain boundary or the grain size. There was a thought to add single crystal nickel 
indentations, but we already have two single crystal samples verifying our results. Nanoindentation 
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experiments on a third single crystal material would be redundant. An interesting observation is 
why the pop-ins for the aluminum were so much greater than the nickel and copper. The biggest 
jumps can range over 10nm in the polycrystalline Al, but in Cu and Ni the biggest noticeable jumps 
are around 1 to 2nm. This observation can be answered in the future with the pairing of simulations. 
This research also becomes a stepping stone for future nanoindentation experiments. Since our 
materials had a {100} crystal orientation, future work could include in-depth studies by EBSD on 
the effect of orientation in single grain/crystal materials. We believe that the order parameter is the 
beginning step going to be used in creating theoretical equations that will connect the hardness and 
yield stress in the nanoscale. 
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